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SUMmARY The morphological features of a series of 37 specimens of pulmonary atresia with intact ventricular septum were reviewed with particular emphasis on features which might influence the results of pulmonary valvotomy. The degree of right heart hypoplasia was quantified by measuring right and left heart dimensions and comparing them with 20 normal infant hearts. Right ventricular cavity size was usually smaller than normal but constituted a spectrum ranging from tiny to a dilated ventricle larger than normal. There was a positive correlation between triscuspid annular size and right ventricular size but no correlation between the size of the pulmonary artery and the right ventricle. Successful pulmonary valvotomy with subsequent adequate right ventricular function would have been precluded by a tiny right ventricular cavity or infundibular atresia in 14 specimens and by severe tricuspid stenosis or regurgitation in an additional 4. Severe right or left ventricular endocardial fibroelastosis may have adversely affected ventricular function in several others. Ten specimens displayed convex bulging of the left ventricular septal surface. If these anatomical findings are representative for the condition as a whole, they provide a good explanation for its disastrous prognosis.
The life of an infant born with pulmonary atresia and an intact ventricular septum is likely to be brief and stormy. Medical treatment is unavailing and survival depends upon the surgical establishment of a reliable source of pulmonary blood flow, either by a systemic-pulmonary artery shunt, by pulmonary valvotomy, or by both. Whatever techniques are employed, surgical mortality remains disappointingly high (Trusler et al., 1976) . It is possible that the right heart hypoplasia known to be common with pulmonary atresia could account for these disappointing results. However, there is no agreement concerning the nature and frequency of this hypoplasia. Greenwold et al. (1956) believed that right ventricular cavity size could be classified as small or large and this view was endorsed by Davignon et al. (1961) and Celermajer et al. (1968) . In contrast, others have contended that cavity size constitutes a spectrum (Gersony et al., 1967;  -Ratios RV inlet / LV inlet R V outlet / L V outlet Plots Tricuspid annulus / mitral annulus RV inlet x outlet / LVilet x outlet< PA diameter/aorta diameter features of the tricuspid and pulmonary valves, the right ventricular cavity, and the pulmonary artery. The inlet and outlet dimensions of the right and left ventricles, the circumference of the tricuspid and mitral annuli, and the diameters of the pulmonary artery and aorta were measured (Fig. 1) . Ratios between each right-sided measurement and its corresponding left-sided dimension were calculated as was the ratio of the product of the inlet and outlet dimensions of the right and left ventricles. The ratio of the products of right to left ventricular inlet and outlet measurements was plotted against both the tricuspid to mitral annulus ratio and the pulmonary to aortic diameter ratio. The morphological characteristics of the pulmonary valve itself were noted, including the number of cusps, extension of commissural ridges to the centre of the valve, and, in the case of critical pulmonary stenosis, the size of the pulmonary valve orifice. The length, outer diameter, and patency of the ductus arteriosus were noted, as was the presence or absence of left ventricular septal bulging.
Results
There was considerable variability in right ventricular cavity size in the group of normal hearts and an even greater range in specimens with pulmonary atresia. In general, the right ventricular cavity was smaller than normal with pulmonary atresia, but there was overlap between pulmonary atresia and normal as indicated by the ratios of the product of the inlet and outlet dimensions in right and left ventricles (Fig. 2) . In all 12 cases judged to have a tiny right ventricle the infundibulum was either atretic or stenosed, atresia being present in 8 of the hearts. Infundibular atresia was also observed in 1 heart with a small right ventricle but in none of the hearts judged to have normal or large right ventricular cavity size. Infundibular stenosis, however, was found in 8 of 13 cases judged to have small right ventricles together with 1 heart with a normal-sized right ventricle and 1 heart with a large right ventricle. The right -ventricle was of normal size in 2 specimens with critical pulmonary stenosis and large in the third. Grossly evident right ventricular endocardial fibroelastosis was found in 10 cases. There was little correlation with heart size, fibroelastosis being found in small and normal sized right ventricles as well as in tiny ones.
Right ventricular trabeculations were shallow and inconspicuous in most specimens, and myocardial sinusoids were grossly visible in several. In 20 hearts it was not possible accurately to measure myocardial thickness of both right and left ventricles in their apical and outlet portions, but this was possible in most specimens in the inlet portion. In two-thirds of the specimens with pulmonary atresia the right ventricular inlet wall was as thick or thicker than the left ventricular inlet wall.
In 11 specimens the pulmonary valve had been destroyed or greatly altered by surgery, and in 3 cases with a tiny main pulmonary artery no pulmonary valve leaflets were visible. In the remaining specimens 2 types of atretic pulmonary valve were seen. In the first type, prominent commissural ridges converged and met at the centre of the 'valve' (Fig. 3a) . This type of pulmonary 'valve' was invariably associated either with infundibular atresia or with a severely stenotic or regurgitant tricuspid valve. The second type of pulmonary valve had commissural ridges present only at the periphery of the membranous pulmonary valve, the centre being smooth and bulging into the pulmonary trunk (Fig. 3b) . In 1 specimen the pulmonary valve was bicuspid and in 1 quadricuspid. In each of the 3 cases with critical pulmonary stenosis, the pulmonary valve was thin and dome_r.bg0i.g.r.N0Ag;Ei$ii\... ;: : r~~~~~~~~~~~~~~~~~~~~. (Fig.   7a ), moderate dysplasia (Fig. 7b) , and severe dysplasia (Fig. 7c) . There was little correlation between the degree of dysplasia and the size of the tricuspid annulus or of the right ventricular cavity, very dysplastic leaflets being found in some specimens with normal-sized right ventricular cavity and normal tricuspid annular circumference and nearly normal leaflets sometimes being associated with a tiny right ventricular cavity.
Ebstein's anomaly, defined as displacement of the effective atrioventricular orifice into the right ventricle, was present in 10 specimens. In 6, the contiguous parts of the septal and inferior leaflets originated at a distance from the tricuspid annulus, the anterior leaflet arising normally (Fig. 8a) . In 4 specimens, the tricuspid leaflets were replaced by a fibromuscular membrane extending from the anterior tricuspid annulus to the junction of the inlet with the outlet and trabecular portions of the right ventricle (Fig. 8b, c) . In each of these the 'tricuspid' orifice consisted of a single small restrictive perforation in the membrane and was thus displaced far into the right ventricular cavity.
Tricuspid stenosis out of proportion to the right ventricular size was present in 7 cases. The obstruction was caused by heaped up dysplastic septal leaflet tissue in 2 cases of Ebstein's anomaly and appeared to be mild. In the cases of Ebstein's anomaly with a perforate membrane the 'tricuspid' obstruction was severe. In a sixth Pulmonary Normal atresia Fig. 4 Comparison of relative pulmonary artery size in normal hearts and in specimens with pulmonary atresia and pulmonary stenosis and with intact ventricular septum. AO, aorta; PA, pulmonary artery.
shaped with a central orifice less than 1 mm in diameter (Fig. 3c) .
The size of the pulmonary artery, as judged from the ratio of pulmonary artery to aortic diameter, is shown in Fig. 4 . Though the pulmonary artery size was small in a few specimens, the overlap with normal was large. The size of the pulmonary artery did not correlate with right ventricular cavity size, a tiny right ventricular cavity often supporting a normal-sized pulmonary artery (Fig.  5) . In only 3 cases was the main pulmonary artery strikingly small and in each the right ventricle was tiny.
The size of the tricuspid annulus, as judged by the ratio of the circumference of the tricuspid annulus to that of the mitral annulus, is shown in Fig. 6 . In most specimens the tricuspid annulus was smaller than normal. There was a positive correlation between the size of the tricuspid annulus and that of the right ventricular cavity (R = 0.84). Tricuspid valve abnormalities found in this series are shown in the In 4 cases the tricuspid valve gave every impression of having been regurgitant during life. The right ventricle was large in 3 of these and normal-sized in 1. In 2 of the 4, regurgitation was related to Ebstein's anomaly. In the third case the tricuspid leaflets were somewhat thickened but were well formed; there was slight dilatation of the tricuspid annulus and severe dilatation of the right atrium. In the fourth specimen the tricuspid annulus was hugely dilated and the right ventricle large and very thin-walled.
In 11 of the specimens there was convex bulging of the left ventricular septal surface. Whether _ . L . _ f~~~~~~~~~~~~~~~~~~~~~~~~~. . . . . this could have resulted in subaortic obstruction in any case is conjectural. No discrete subaortic stenosis was seen. Both left ventricular fibroelastosis and an apical aneurysm were present in a single case. The left anterior descending coronary artery was large in 11 specimens, and the posterior descending in 2. The mitral and aortic valves were normal in all specimens. The ductus arteriosus was patent in all unoperated cases and was commonly long and tortuous.
Discussion
Previous observers have disagreed conceming the precise nature of right ventricular hypoplasia in pulmonary atresia with intact septum. Some have argued that cavity size can simply be divided into 'small' and 'large' (Greenwold et al., 1956) . Others contend that a spectrum of cavity size is seen (Gersony et al., 1967; Bowman et al., 1971; Murphy et al., 1971) . We have tried to obtain objective estimation of this feature by measuring ventricular cavity size and comparing it with similar measurements in the normal heart, as more recently have Freedom et al. (1978) . Since the size of each measured right heart structure relative to that particular heart seemed more likely to be meaningful than the absolute dimensions themselves, each right heart measurement was related to its left heart counterpart. Each heart, in effect, therefore served as its own control. Such comparisons also lessened the possible artefactual effect of fixation since right and left heart structures should have been equally affected. The results showed that while the specimens were subjectively divided into groups with tiny, small, normal, and dilated right ventricular cavities, the measurements indicated a spectrum of cavity size which overlapped the normal values. These results are in accord with those of Freedom et al. (1978) . The size of the right ventricular cavity is the most obvious limiting factor in immediate survival after valvotomy. In the 12 cases with a tiny right ventricle the cavity size alone would have precluded survival after valvotomy done as the sole surgical procedure, the accompanying infundibular atresia or stenosis compounding the situation. Though there have been isolated reports of right ventricular growth after valvotomy (Moller et al., 1970; Bowman et al., 1971; Murphy et al., 1971; Luckstead et al., 1972) , there is currently no way of predicting growth potential. The extreme hypoplasia ef these tiny right ventricles, the difficulty of outflow tract reconstruction in a newborn infant, and the probable extremely limited potential for growth and function are strong arguments against such a procedure in this group.
Although valvotomy might have been feasible in patients in the small right ventricle group (save the one specimen with infundibular atresia), the degree of infundibular stenosis common to these patients would have necessitated infundibular resection and/or patching, either as a primary procedure (Rigby et al., 1977) or at subsequent surgery (Bowman et al., 1971) . In this group the potential for right ventricular growth may be better, but unless the usually associated small tricuspid annulus were to grow as well, tricuspid stenosis would remain (Trusler et al., 1976) In contrast, the size of the main pulmonary artery was not a limiting factor, only 3 cases being judged too small to have accepted an effective right ventricular output. In all 3, the right ventricular cavity was additionally tiny.
In summary, our anatomical study has shown a range of morphological features in pulmonary atresia with intact septum which shows that surgical treatment must be tailored to each individual case. Thus, pulmonary valvotomy did not seem a feasible procedure in half of the cases in this series. Such cases may benefit from an aortopulmonary anastomosis since in the majority of hearts the pulmonary arteries were found to be of good size. Subsequent repair may be possible by constructing a right atrial to pulmonary artery conduit. Only the cases with a near to normal sized right ventricular cavity seemed anatomically suited to complete repair. Similar cases should probably be treated by pulmonary valvotomy as an initial procedure. Our measurements show that 
